Critical power (CP) represents the highest work rate for which a metabolic steady state is attainable. The physiological determinants of CP are unclear, but research suggests that CP might be related to the time constant of phase II oxygen uptake kinetics (τV O 2 ). r What is the main finding and its importance?
Introduction
The potential to tolerate high-intensity exercise underpins endurance performance (Burnley & Jones, 2007) , is Oxygen uptake kinetics and critical power 1999). A detailed understanding of the underpinning physiological mechanisms is therefore important for the design of interventions aimed at maintaining or enhancing high-intensity exercise tolerance.
During high-intensity cycle exercise, a hyperbolic relationship between external power and tolerable exercise duration (the power-duration relationship; Monod & Scherrer, 1965) accurately characterizes exercise tolerance for various exercise modalities and durations spanning ß2-30 min in humans (Hill, 1993) and various other species (e.g. Billat et al. 2005; Copp et al. 2010) . The asymptote of this relationship is known as critical power, with W being the curvature constant that is mathematically equivalent to a fixed quantity of work that can be performed above critical power (Monod & Scherrer, 1965; Moritani et al. 1981; Poole et al. 1988) .
Critical power represents the maximal metabolic rate at which a steady state can be attained for arterial blood acid-base status [hydrogen ions (H + ), lactate (L − ) and bicarbonate], pulmonary oxygen uptake (V O 2 ) and intramuscular phosphate [phosphocreatine (PCr) and inorganic phosphate (P i )] (Poole et al. 1988; Jones et al. 2008; Vanhatalo et al. 2016 ). When exercising above critical power, progressive metabolic contributions from non-oxidative sources (i.e. stored muscle [PCr] , glycolysis/glycogenolysis with consequent L − production) are apparent (Poole et al. 1988; Jones et al. 2008; Vanhatalo et al. 2010) Allen et al. 2008) . As a consequence, there is an inexorable increase inV O 2 until its maximally attainable value (V O 2 max ) is reached, with exhaustion ensuing shortly thereafter (Poole et al. 1988) . Hence, critical power demarcates the upper boundary of energy provision that is wholly oxidative, i.e. without progressive anaerobic metabolic contribution (Coats et al. 2003; Barker et al. 2006; Chidnok et al. 2013b) . Indeed, critical power is strongly related to markers of aerobic fitness, such asV O 2 max (McNaughton & Thomas, 1996) , O 2 delivery (Vanhatalo et al. 2010; Broxterman et al. 2014 Broxterman et al. , 2015 , type I muscle fibre-type composition (Vanhatalo et al. 2016) , and pulmonaryV O 2 kinetics (Murgatroyd et al. 2011) . However, the precise physiological determinants underpinning these relationships remain to be elucidated.
When transitioning from rest to exercise, after a short delay, which reflects the muscle-to-lung transit time, V O 2 increases exponentially to match the steady-state ATP requirements in the muscle (Whipp et al. 1982) . Murgatroyd et al. (2011) showed that the time constant of the phase II (fundamental phase) of pulmonaryV O 2 kinetics (τV O 2 ) was strongly related to critical power. These authors suggested that a decreased τV O 2 would reduce the reliance on non-oxidative metabolism, thus attenuating muscle metabolic perturbation during the exercise transition. Hence, a higher power is attained for a given magnitude of oxygen deficit accumulation, therefore explaining a causal relationship between τV O 2 and critical power. However, critical power and τV O 2 are both improved with endurance training (Gaesser & Wilson, 1988; Jenkins & Quigley, 1992; Carter et al. 2000; Marwood et al. 2010) ; hence, whether τV O 2 is an independent determinant of critical power or whether the association between the two parameters results from other shared physiological processes related to training status remains to be determined.
One such way to address the independency of these relationships is with a prior bout of high-intensity 'priming' exercise, which can acutely alter pulmonaryV O 2 kinetics independently of any chronic adaptations that influence critical power. However, the manner in which theV O 2 kinetics are altered is dependent upon factors such as aerobic fitness, exercise mode and the sufficiency of oxygen availability to meet the ATP demands in any given conditions Gurd et al. 2005; Jones et al. 2006) . Specifically, in the upright position priming exercise reduces τV O 2 by a magnitude that is linearly related to its control value (Gurd et al. 2005) , such that those individuals with 'slow'V O 2 kinetics will demonstrate a greater reduction in τV O 2 in the primed conditions. Conversely, individuals with fastV O 2 kinetics (i.e. low τV O 2 ) will demonstrate little (Gurd et al. 2005) or no reduction in this parameter after priming exercise, with no effect on critical power (Jones et al. 2003; Burnley et al. 2011) . Such individuals are typically characterized as being young and aerobically fit, with the result of priming exercise instead being a blunting of the 'slow component' of pulmonaryV O 2 kinetics and an increase in W (Jones et al. 2003; Burnley et al. 2011) . In contrast, in the supine position, where τV O 2 is normally greater than in the upright position (Hughson et al. 1991; Koga et al. 1999) , priming exercise reduces τV O 2 , an effect that is probably a result of the supine position imposing an oxygen availability limitation that is negated by the right-shifted oxyhaemoglobin curve and improved muscle perfusion that accompanies prior exercise . Given the previously established association between τV O 2 and critical power (Murgatroyd et al. 2011) , it is therefore possible that in young, aerobically fit individuals, priming exercise will decrease τV O 2 and thus enhance critical power in the supine, but not upright, body positions. Such evidence would implicate τV O 2 as an independent determinant of critical power.
The aim of the present study was therefore to examine the effect of priming exercise on critical power and τV O 2 in the upright and supine body positions. Our hypothesese were as follows: (i) priming exercise would reduce τV O 2 in the supine but not upright positions; (ii) priming exercise would increase critical power in supine but not upright positions; and (iii) critical power would be significantly correlated with τV O 2 in both body R. P. Goulding and others positions. In order to provide insight into the physiological mechanisms underpinning these effects, heart rate and muscle deoxygenation kinetics were also determined, the latter via the deoxyhaemoglobin signal obtained from near-infrared spectroscopy, which reflects the balance between oxygen delivery and utilization within the field of interrogation.
Methods

Ethical approval
The study was conducted according to the Declaration of Helsinki, and all procedures were approved by the Liverpool Hope University Research Ethics Committee. Rights to confidentiality, withdrawal and the benefits and risks of the protocol were explained before participation, and all participants provided written informed consent.
Participants
Seventeen healthy male participants volunteered for the study. Participants were recreationally active but not highly trained. Participants were placed in either the upright exercise group (mean ± SD, age = 34 ± 10 years; height = 181 ± 8 cm; mass = 79 ± 10 kg; n = 10) or the supine exercise group (mean ± SD, age = 29 ± 7 years; height = 177 ± 9 cm; mass = 77 ± 9 kg; n = 10), with three participants completing both groups. Participants were instructed not to consume alcohol or perform strenuous exercise within the 24 h preceding each exercise test, not to consume caffeine within the preceding 6 h, and to arrive 3 h postprandial.
Procedures
Testing was conducted in a well-ventilated laboratory that was maintained between temperatures of 18 and 21°C. Participants visited the laboratory on nine occasions over a 3-6 week period, with each test scheduled at the same time of day (±2 h) and with at least 24 h separating visits. Participants completed one preliminary trial and eight experimental trials. Exercise tests were performed on an electronically braked cycle ergometer (Lode Excalibur Sport, Groningen, The Netherlands) for the upright group. Saddle height and angle and handlebar height and angle were recorded at the first test and replicated during each subsequent test. For the supine group, participants cycled using an electronically braked ergometric unit (Lode Angio, Groningen, The Netherlands) whilst lying flat on an Echo Cardiac Stress Table (Lode, Groningen, The Netherlands). Hand rails were available for participants to grip throughout the tests to minimize backwards movement when forces were applied to the pedals, and an adjustable shoulder pad was positioned above the participant's shoulders also to prevent backward movements. The participant's feet were strapped securely to the pedals. The position of the shoulder pad and the distance between the hip and the crank were recorded and replicated during each visit. Throughout all upright and supine exercise tests, participants were instructed to maintain a cadence of 80 r.p.m., and exhaustion was defined as when the participant's cadence dropped below 70 r.p.m. Time to exhaustion was measured to the nearest second in all tests.
Preliminary trial
Each participant's height and weight were recorded upon arrival at the laboratory, before undertaking an incremental ramp test until the limit of tolerance to establishV O 2 max , the gas exchange threshold (GET) and the power outputs for subsequent tests. The exercise test consisted of 3 min of baseline pedalling at 30 W, followed by a continuous, ramped increase in work rate of 30 W min −1 until the limit of tolerance. Gas exchange and ventilatory variables were measured at the mouth continuously throughout each test. TheV O 2 max was defined as the highestV O 2 value measured over 30 s. Although we did not perform a verification trial, previous research has shown that the incremental/ramp cardiopulmonary exercise test produces highly reproducible measures ofV O 2 max in this population (Chidnok et al. 2013a; Poole & Jones, 2017) .
The GET was measured as a non-invasive estimate of the lactate threshold via visual inspection of the data using a cluster of predefined criteria, including the following: (i) a disproportionate increase in CO 2 production (V CO 2 ) relative toV O 2 ; (ii) an increase in minute ventilation (V E ) relative toV O 2 (V E /V O 2 ) without an increase inV E relative toV CO 2 (V E /V CO 2 ); and (iii) an increase in end-tidal O 2 tension without decreasing end-tidal CO 2 tension. The mean response time (MRT) ofV O 2 during ramp exercise was taken into account, using a slight modification of the procedures described by Boone et al. (2008) . Briefly, the linear regression line of theV O 2 -time relationship was determined, with the first 120 s and last 180 s removed so as to isolate the linear portion of the relationship. The MRT was defined as the time between the beginning of the ramp test and the intersection between baselineV O 2 (V O 2 b ) and backwards extrapolation of the regression line of theV O 2 -time relationship. TheV O 2 b was calculated as the averageV O 2 measured over the final 30 s of the baseline period. Work rates for subsequent tests were therefore calculated using the linear regression of theV O 2 -time relationship and solving forV O 2 , with account taken of the MRT. Oxygen uptake kinetics and critical power
Experimental trials
For the following eight visits in both the upright and supine groups, participants were required to exercise to exhaustion at four fixed power outputs on two occasions, each with and without a bout of 'priming' exercise. The power outputs of these bouts of exercise were selected based upon performance during the preliminary exercise test and calculated to be in the range of 50% (i.e. a work rate calculated to require 50% of the difference between the GET andV O 2 max ) to 110%V O 2 max . The goal of this range of power outputs was to produce a range of exercise tolerances within the range of 2-15 min. These power outputs are subsequently referred to as WR 1, WR 2, WR 3 and WR 4, with WR 1 being the lowest and WR 4 being the highest power outputs, respectively. Where necessary, adjustments were made to the required power output of subsequent exercise tests based upon performance in the initial tests. The order of intensities was randomized, and participants alternated between conditions in order to prevent any order effect. Each intensity was performed once in each condition; i.e. once with priming exercise (PRI) and once without priming exercise (CON). CON consisted of 3 min of baseline pedalling at 20 W, after which an instantaneous step increase to the required power output was abruptly applied, and participants exercised until the limit of tolerance. In PRI, participants performed 3 min of baseline pedalling at 20 W before an instantaneous step increase to a power output of 40% for 6 min. This power output was selected in order to yield a heavy exercise intensity (i.e. between the GET and critical power). On occasions when the power output for priming exercise was deemed not to be heavy (based upon theV O 2 and blood [L − ] profiles), that test was repeated on a separate occasion, with the power output for the priming bout being modified. Upon completion of this priming bout of exercise, participants rested quietly on the ergometer for 7 min, before performing a further 3 min of baseline pedalling at 20 W (providing 10 min of rest between priming and the subsequent constant work rate bouts) and subsequently, an instantaneous step increase to the required power output was abruptly applied until the limit of tolerance was reached.
During all exercise tests, pulmonary gas exchange and ventilation were measured breath by breath, with subjects using a metabolic cart (Blue Cherry; Geratherm Respiratory, GmbH, Bad Kissingen, Germany). Participants wore a silicone facemask (Hans Rudolph, Kansas City, KS, USA) of known dead space attached to a low-dead space flow sensor (Geratherm Respiratory, GmbH). The metabolic cart was connected to the participant via a capillary line connected to the flow sensor. The gas analysers were calibrated before each test using gases of known concentrations, and the flow sensors were calibrated using a 3 litre syringe (Hans Rudolph, Kansas City, MO, USA). Heart rate was measured every 1 s during all tests using short-range radiotelemetry (Garmin FR70; Garmin Ltd, Southampton, UK). For both CON and PRI, blood was sampled from a fingertip into glass capillary tubes at rest, during the last minute of baseline pedalling preceding the exhaustive constant work rate bout, and immediately following exhaustion. Whole-blood [L − ] was determined using a Biosen lactate analyser (Biosen C-Line; EKF, Cardiff, UK).
During the experimental trials, continuous non-invasive measurements of muscle oxygenation/ deoxygenation status were made via a frequency-domain multidistance near-infrared spectroscopy (NIRS) system (Oxiplex TS; ISS Inc., Champaign, IL, USA). The OxiplexTS uses one light-emitting diode (LED) detector fibre bundle and eight LEDs functioning at wavelengths of 690 and 830 nm (four LEDs per wavelength). Light-source detector separation distances of 2.25-3.75 cm for each wavelength were used, with cell water concentration assumed constant at 70% and data sampled at 2 Hz. This NIRS device measures and incorporates the dynamic reduced scattering coefficients to provide absolute concentrations (micromolar) of deoxygenated haemoglobin plus myoglobin ([HHb + Mb]), which may be regarded as relatively unaffected by changes in blood volume during acute exercise (De Blasi et al. 1993; Ferrari et al. 1997; Grassi et al. 2003) . Near-infrared spectroscopy has previously been shown to produce valid estimates of O 2 extraction (De Blasi et al. 1993; Ferrari et al. 1997; DeLorey et al. 2003; Grassi et al. 2003; Ferreira et al. 2006) . The absorption spectrum of myoglobin [Mb] overlaps that of [HHb] ; therefore, at present NIRS is unable to determine the relative contribution of [Mb] to the overall NIRS signal (De Blasi et al. 1991) . In referring to the NIRS deoxygenation signal as [HHb + Mb] The flexible NIRS probe was placed longitudinally along the belly of the right vastus lateralis muscle midway between the greater trochanter and the lateral condyle of the tibia and marked with washable pen such that the probe position could be replicated for each subsequent visit. The probe was held firmly in place by elastic Velcro strapping. After each trial, indentations of the probe on the participant's skin were inspected to confirm that the probe had not moved during the trial, which was the case for every exercise transition. The NIRS probe was calibrated before each testing session using a calibration block of known absorption and scattering coefficients. Calibration was then cross-checked using a second block of known but distinctly different absorption and scattering R. P. Goulding and others coefficients. Each of these procedures was according to the manufacturer's recommendations.
Data analysis
The breath-by-breathV O 2 data from each constant work rate exercise bout were initially examined to exclude errant breaths attributable to coughs, swallows, sighs etc., identified as atypical of the underlying response by removing values lying more than four standard deviations from the local mean determined using a five-breath rolling average. EditedV O 2 data were then linearly interpolated to provide second-by-second values. ForV O 2 responses to the bouts of priming exercise in PRI, the four transitions were also time aligned and ensemble averaged to produce a single data set, whereas the criterion bout for the determination of critical power and W in each condition were not repeated, hence each of these was modelled independently. For each exercise transition, data preceding a precipitous drop in respiratory exchange ratio and end-tidal O 2 pressure were excluded to remove the phase I (cardiodynamic) response (Whipp & Ward, 1990) , and a monoexponential model (eqn (1)) with time delay was then fitted to the data, as follows:
WhereV O 2 (t) is theV O 2 at any time t,V O 2 b is the baselineV O 2 , which was taken as the meanV O 2 from the last 30 s of the baseline period preceding the criterion bout, AV O 2 is the amplitude of the fundamental response, TDV O 2 is the time delay of the fundamental response relative to the onset of exercise, and τV O 2 is the time constant of the fundamental response. The onset of theV O 2 slow component (TD SCVO 2 ) was determined using purpose-designed programming in Microsoft Excel (Microsoft Corporation, Redmond, WA, USA), which iteratively fits a monoexponential function to theV O 2 data, starting at 60 s until the window encompasses the entire response. The resulting fundamental phase time constants are plotted against time, and the TD SCVO 2 was identified as the point at which the fundamental phase time constant consistently deviates from a previously 'flat' profile, and the demonstration of a local threshold in the χ 2 value (Rossiter et al. 2001) . This method allows the fitting of eqn (1) to the fundamental component of the response isolated from the slow component, thus avoiding the possibility of arbitrarily parameterizing the slow component. The isolated fundamental responses were then fitted with the same monoexponential model as shown in eqn (1) using Origin 6.0 (OriginLab Corporation, Northampton, MA, USA) to obtain the 95% confidence intervals (CIs) for the derived parameter estimates. Heart-rate kinetics were also modelled using a monoexponential function with the response constrained to the start of exercise (t = 0):
Where HR b is the mean HR measured over the final 30 s of baseline cycling, A HR is the asymptotic amplitude of the response and τ HR is the time constant of the response. The fitting window was constrained to TD SCVO 2 . Critical power (CP) and W were estimated using three models: the hyperbolic power-time (P-T) model (eqn (4)); the linear work-time (W-T) model, where the Oxygen uptake kinetics and critical power total work done is plotted against time (eqn (5)); and the linear inverse-of-time (1/T) model (eqn (6)), where power output is plotted against the inverse of time, as follows:
The standard errors of the estimates (SEEs) associated with CP and W were expressed as a coefficient of variation (CV) relative to the parameter estimate. The model with the lowest average CV was then used for all subsequent analyses.
Statistical analyses
Two-way repeated-measures ANOVAs (condition × work rate) were used to compare differences in allV O 2 , [HHb + Mb] and heart rate kinetic variables between tests. Three-way repeated-measures ANOVAs (condition × work rate × time) were used to compare differences in blood [L − ], [HbO 2 + MbO 2 ] and [THb + Mb] between tests. Planned repeated and simple contrasts were applied to identify the location of any significant main or interaction effects when found. Levene's test was used to check for equality of variances for independent groups, and Mauchly's test was used to test for the assumption of sphericity for repeated-measures factors. Student's paired t tests were used to compare differences in critical power and W between conditions. Where this assumption was violated, the Greenhouse-Geisser correction factor was applied to adjust the degrees of freedom. Pearson's product-moment correlation coefficient was used to explore the relationships between variables of interest. All data are presented as the mean ± SD unless otherwise stated, with 95% confidence intervals presented for modelled time constant parameters. To highlight values for parameters measured across all four work rates, the overall mean across work rates ± SD is presented in the text, with work rate-specific mean ± SD presented in tables. Student's unpaired t tests were used to compare differences in τV O 2 during heavy priming and severe exercise between groups. Statistical significance was accepted at P < 0.05.
Results
Incremental ramp test
For the supine group and upright group,V O 2 max was 3.45 ± 0.48 l min −1 (45.1 ± 5.2 ml kg −1 min −1 ) and 4.05 ± 0.50 l min −1 (51.8 ± 6.5 ml kg −1 min −1 ), and the GET was 1.94 ± 0.15 l min −1 (111 ± 16 W) and 2.19 ± 0.32 l min −1 (137 ± 24 W), respectively.
Priming exercise
Priming exercise was conducted at an average intensity of 172 ± 29 W (supine; 30 ± 5.1% ) and 214 ± 19 W (upright; 36 ± 2.0% ) and resulted in an elevated blood [L − ] immediately before the exhaustive constant work rate trials in both groups compared with control conditions (supine, CON = 1.53 ± 0.38 mmol l −1 versus PRI = 4.14 ± 0.74 mmol l −1 ; upright, CON = 1.46 ± 0.46 mmol l −1 versus PRI = 3.67 ± 0.77 mmol l −1 ; both P < 0.001). There was no difference in end-exercise blood [L − ] between conditions in either group (supine, CON = 11.6 ± 2.1 mmol l −1 versus PRI = 12.4 ± 2.5 mmol l −1 ; upright, CON = 13.1 ± 3.0 mmol l −1 versus PRI = 13.3 ± 2.8 mmol l −1 ; both P < 0.001). The τV O 2 determined from the heavy-intensity bouts of priming exercise was greater in the supine group (44 ± 11 s, 95% CI 1.80 ± 0.87 s) when compared with the upright group (30 ± 10 s, 95% CI 1.55 ± 0.90 s; P = 0.02, Table 1 ).
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Oxygen uptake kinetics
TheV O 2 responses of a representative participant from each group at a single work rate in both conditions and their respective modelled fits are presented in Fig. 1 . In the supine group, τV O 2 was smaller in PRI compared with CON (CON = 54 ± 18 s, 95% CI 5.6 ± 3.5 s versus PRI = 39 ± 11 s, 95% CI 3.5 ± 2.2 s; P < 0.001). The τV O 2 was not different between CON and PRI in the upright group (CON = 35 ± 8 s, 95% CI 4.4 ± 3.2 s versus PRI = 37 ± 11 s, 95% CI 4.8 ± 3.8 s, P = 0.82; Table 2 ). However, AV O 2 was greater (CON = 2.38 ± 0.35 l min −1 versus PRI = 2.50 ± 0.28 l min −1 ; P = 0.02) and the magnitude of the slow component was smaller (CON = 0.44 ± 0.11 l min −1 versus PRI = 0.33 ± 0.11 l min −1 ; P = 0.02) in PRI compared with CON in the upright group (Table 2) . TheV O 2 responses at each work rate and condition of a representative participant from each group, along with the power-duration relationships in each condition, are shown in Fig. 2 .
Power-duration relationship
The W-T model secured the lowest CV for each participant, and was thus used for all subsequent analyses. Critical power in PRI was greater than in CON in the supine group (CON = 178 ± 31 W, CV 4 ± 2% versus PRI = 185 ± 30 W, CV 2 ± 2%; P = 0.006). There was no difference in critical power between CON and PRI in the upright group (CON = 236 ± 42 W, CV 3 ± 2% versus PRI = 232 ± 35 W, CV 2 ± 1%; P = 0.57; Fig. 3 ). The W was not different between conditions in either group (supine, CON = 16.4 ± 5 kJ, CV 17 ± 8 % versus PRI = 15.9 ± 5.7 kJ, CV 12 ± 8%, P = 0.62; upright, CON = 18.3 ± 4.6 kJ, CV 16 ± 7% versus PRI = 17.7 ± 5.1 kJ, CV 15 ± 10%; P = 0.72).
The τV O 2 determined from the heavy-intensity priming exercise bouts that preceded the exhaustive constant work rate trials was significantly correlated with critical power (normalized to body mass and derived from the control conditions) in the upright group (r = −0.80, P = 0.005). However, this relationship was not present in the supine group (r = 0.067, P = 0.86; Fig. 4 ). The individual changes in W between conditions in each participant in the upright group were inversely correlated with blood [L − ] immediately before the exhaustive constant work rate trials (r = −0.79, P = 0.007), whereas this relationship was not observed in the supine group (r = 0.27, P = 0.44).
Near-infrared spectroscopic parameters
In the supine group, τ [HHb + Mb] was greater in PRI when compared with CON (CON = 8 ± 4 s, 95% CI 1.32 ± 0.80 s, versus PRI = 12 ± 4 s, 95% CI 1.49 ± 0.88 s; P = 0.003). In the upright group, there was a trend for τ [HHb + Mb] to be greater in PRI compared with CON (CON = 10 ± 5 s, 95% CI 1.31 ± 0.90 s, versus PRI = 14 ± 10 s, 95% CI 2.0 ± 1.8 s; P = 0.10; Table 3 ), whilst A [HHb + Mb] was also greater in PRI compared with CON (CON = 21 ± 3.6 μM versus PRI = 24 ± 6.8 μM; P = 0.02; Table 3 ). In the supine group, [HbO 2 + MbO 2 ] was higher in PRI compared with CON (main effect of condition, P = 0.04), but there was no effect of condition on [THb + Mb] (P = 0.11). In the upright group, [HbO 2 + MbO 2 ] and [THb + Mb] were both elevated in PRI compared with CON (both P < 0.001; Fig. 5 ).
Heart rate
The τ HR was reduced in PRI compared with CON in the supine group (CON = 52 ± 14 s, 95% CI 2.47 ± 0.82 s versus PRI = 41 ± 7 s, 95% CI 1.96 ± 0.53 s; P = 0.006), whereas in the upright group τ HR was not different between CON and PRI (CON = 47 ± 13 s, 95% CI 2.83 ± 0.80 s versus PRI = 49 ± 19 s, 95% CI 2.04 ± 0.96 s; P = 0.41). Baseline HR was greater in PRI than in CON (CON = 89 ± 8 beats min −1 versus PRI = 97 ± 13 beats min −1 ; P = 0.003) in the upright group.
Discussion
In the present study, we investigated the effects of priming exercise on critical power andV O 2 kinetics during upright and supine exercise. Our hypotheses were as follows: (i) priming exercise would reduce τV O 2 in the supine but not the upright group; (ii) priming exercise would increase critical power in the supine but not the upright group; and (iii) critical power would be correlated with τV O 2 in both body positions. Consistent with our first and second hypotheses, we found that when priming exercise was conducted in the supine position, τV O 2 was reduced when compared with the control conditions, and this was accompanied by a concomitant increase in critical power. However, in the upright position there was no effect of priming exercise on either τV O 2 or critical power. The present study therefore provides the first experimental evidence that τV O 2 is an independent determinant of critical power. However, contrary to our third hypothesis, the correlation between τV O 2 and critical power that was apparent in the upright position was not evident in the supine position. Hence, an alternative interpretation is that the reduction in τV O 2 is mechanistically related to the increase in critical power through shared physiological effects of priming exercise.
Consistent with the present findings, in the upright position Jones et al. (2003) and Burnley et al. (2011) have previously shown that priming exercise has no effect on critical power or τV O 2 . In contrast, Miura et al. (2009) demonstrated that priming exercise increased critical power in the upright position, although these authors did not model theV O 2 responses to exercise. The discrepancy between the present data in the upright position and those of Miura et al. (2009) might be explained by the recruitment of participants with a higher aerobic fitness in the present study (V O 2 max of ß52 versus 42 ml kg
for the present study versus Miura et al. 2009 ). Individuals with low aerobic fitness have slowV O 2 kinetics that are readily speeded following priming exercise (Scheuermann et al. 2002; Gurd et al. 2005) , whereas the same is not true for those with higher aerobic fitness (e.g. Burnley et al. 2000) . A reduction of τV O 2 after priming exercise might therefore account for the increased critical power demonstrated by Miura et al. (2009) . Indeed, such an interpretation is consistent with our findings in the supine R. P. Goulding and others position in the present study, and thus the notion that τV O 2 is mechanistically related to critical power.
Influence of priming exercise in the supine position
In the absence of a priori information on the speed ofV O 2 kinetics during the fundamental phase, we used supine exercise as a means of slowing this phase in the control conditions (Hughson et al. 1991; MacDonald et al. 1998; Koga et al. 1999; Jones et al. 2006) , with an anticipated speeding occurring after priming exercise . Consequently, when τV O 2 was determined at four severe power outputs in the supine position in the present study, the overall mean τV O 2 (ß54 s) was greater than the values observed in the present study in the upright group (overall mean of ß35 s). This finding has been attributed Oxygen uptake kinetics and critical power 
R. P. Goulding and others
to a loss of the 'hydrostatic gradient effect' of gravity in the supine position, thus lowering the pressure head for blood-to-myocyte O 2 diffusion and limiting the rate of increase inV O 2 at exercise onset (Koga et al. 1999) .
In the present study, after priming exercise the [HbO 2 +MbO 2 ] was elevated and the τ [HHb+Mb] was greater when compared with the control conditions, indicating enhanced O 2 availability and a relatively greater increase in O 2 supply versus O 2 utilization at exercise onset. These effects presumably resulted from greater vasodilatation and muscle blood flow at the onset of the criterion exercise bout (Gerbino et al. 1996; Hughson et al. 2003) and an improvement of the blood-to-myocyte O 2 diffusional gradient attributable to a right shift of the [HbO 2 +MbO 2 ] curve, the latter resulting from a residual acidosis remaining from the initial exercise bout (Boning et al. 1991; Wasserman et al. 1991) . Faster heart rate kinetics are also likely to have contributed to greater O 2 availability in the exercising musculature by enabling a faster adjustment of convective O 2 delivery at exercise onset. Crucially, priming exercise in the supine position also resulted in a reduction in τV O 2 (overall mean τV of ß54 versus 39 s). The techniques used in the present study cannot discriminate between faster mitochondrial V O 2 kinetics (i.e. a reduction in metabolic inertia; Behnke et al. 2002) and the alleviation of an O 2 availability limitation; therefore, we cannot exclude the possibility that the reduction of τV O 2 observed herein was attributable to more rapid metabolic adjustments in overcoming metabolic inertia (Gurd et al. 2005) . However, the present data are congruous with previous studies showing that increasing muscle O 2 supply in situations where O 2 availability is compromised is a primary mechanism by which τV O 2 is reduced (Hughson & Inman, 1986; Hughson et al. 1993; MacDonald et al. 2001; Rossiter et al. 2001; Scheuermann et al. 2002; Perrey et al. 2003; DeLorey et al. 2004; Fukuba et al. 2004; Endo et al. 2005; Gurd et al. 2005; Koppo & Bouckaert, 2005) . Regardless, the decreased τV O 2 induced by priming exercise in the supine position was observed alongside an increased critical power, suggesting that τV O 2 is either an independent determinant of, or mechanistically related to, critical power.
Influence of priming exercise in the upright position
In the upright position, priming exercise appeared to enhance O 2 availability, as evidenced by increased [THb+Mb] and [HbO 2 +MbO 2 ] immediately before and during the subsequent exercise; there was also some tendency for [HHb+Mb] kinetics to be slower. The increased amplitude of the heart rate response and elevated baseline heart rate after priming exercise compared with the control conditions support this supposition. However, despite this evidence of increased O 2 availability, there was no impact of priming exercise on τV O 2 . Instead, priming exercise resulted in an increasedV O 2 amplitude during the fundamental phase and a reducedV O 2 slow component. These results are consistent with previous studies investigating the effects of priming exercise onV O 2 kinetics in healthy young adults performing high-intensity upright cycle exercise. In such populations, τV O 2 is insensitive to interventions that increase muscle O 2 supply and is limited principally by a metabolic inertia (Grassi et al. 1998; Burnley et al. 2000 Burnley et al. , 2001 Bearden & Moffatt, 2001 , 2002a Scheuermann et al. 2001; Koppo & Bouckaert, 2002; Rossiter et al. 2002; Perrey et al. 2003; Wilkerson et al. 2004; Endo et al. 2005; Sahlin et al. 2005; Wilkerson et al. 2005 Wilkerson et al. , 2006 Jones et al. 2006; Poole et al. 2008; Poole & Jones, 2012) . However, it has been shown that heavy-intensity priming exercise can reduce the τV O 2 during moderate-intensity exercise, particularly in those individuals with τV O 2 values ࣙ30 s (Gurd et al. 2005) . Given the average values of τV O 2 in the upright group in the present study (i.e. ß35 s), it is therefore perhaps surprising that priming exercise did not reduce τV O 2 . [HHb+Mb] , magnitude of the [HHb+Mb] slow component; TD [HHb+Mb] , time delay before exponential rise in [HHb+Mb] ; and τ [HHb+Mb] , time constant of [HHb+Mb] response. * Significant main effect of condition (P < 0.05).
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However, the value of τV O 2 increases with increasing exercise intensity, an effect demonstrable across (Paterson & Whipp, 1991; Jones et al. 2002; Koppo et al. 2004) and within exercise intensity domains (Spencer et al. 2011) . Indeed, we observed a smaller τV O 2 (ß30 s) during the heavy-intensity priming bouts compared with severe-intensity exercise, in the present study. Hence, it is likely that our participants would have demonstrated fasterV O 2 kinetics during moderate-intensity exercise, with τV O 2 values comparable to those typically seen in young, healthy individuals (i.e. 20-30 s) who are relatively insensitive to priming exercise (Gurd et al. 2005) . The increased τV O 2 with higher exercise intensities is likely to be attributable to the preferential recruitment of type II fibres, which possess inherently slowerV O 2 kinetics compared to type I fibres (Crow & Kushmerick, 1982; Willis & Jackman, 1994; Reggiani et al. 1997) . Hence, in the present study the finding of relatively slower phase Iİ V O 2 kinetics in the upright severe-intensity exercise bouts, which are not speeded by priming exercise, is consistent with the scientific literature. Despite the impact of priming exercise on the physiological responses to subsequent exercise, in the upright group priming exercise had no impact on W or the critical power and, consequently, exercise tolerance at any work rate. This is surprising when considering that previous studies have shown that prior heavy-intensity exercise enhances the W with no change in critical power (Jones et al. 2003; Burnley et al. 2011) . We therefore elected to perform priming exercise at a heavy intensity (estimated a priori as 40% ) to optimize any effects on exercise tolerance. However, Bailey et al. (2009) also demonstrated that prior heavy exercise had no impact on severe-intensity exercise tolerance, despite a greater fundamentalV O 2 amplitude and bluntedV O 2 slow component. Taken together, these results suggest that faster overallV O 2 kinetics (as indicated by a greater fundamentalV O 2 amplitude and reduced slow component) might not determine the tolerable duration of exercise per se, but do so through interaction with other physiological parameters (Burnley & Jones, 2007) . Indeed, we also observed a strong inverse correlation (r = −0.78) between blood [L − ] elevation before exercise and the change in W (normalized to body mass) after priming. In the present study, therefore, it appears that priming exercise was most effective at improving exercise tolerance in a given participant (via increasing W ) when priming exercise was conducted in the lower regions of the heavy domain. However, in participants where the intensity of priming exercise approached critical power, W tended to decrease or remain unchanged. It is possible that when priming exercise was conducted in closer proximity to critical power, the fatigue-related metabolite concentration of the muscle remained elevated before subsequent exercise, accounting for why there was no change in performance for these individuals. The reasons for the discrepancies between the present results and those presented previously Bailey et al. 2009; Burnley et al. 2011) are unclear. However, despite many attempts, the optimal intensity for priming exercise has yet to be elucidated and is likely to depend on a variety of factors, such as subject characteristics and the balance between the relative intensity of priming exercise and the duration of the intervening recovery period.
The τV O2 -critical power relationship during upright and supine exercise Our first and second hypotheses were based in part on the findings of Murgatroyd et al. (2011) , who observed a strong inverse relationship between τV O 2 and critical power (r = −0.95). In repeating this analysis, we averaged together the four identical exercise transitions used for priming exercise to increase the confidence in theV O 2 kinetic parameters. This resulted in highly confident estimates of the τV O 2 , with 95% confidence intervals of 1.8 and 1.6 s for upright and supine exercise, respectively. Like Murgatroyd et al. (2011) , we observed a strong inverse relationship between the τV O 2 and critical power (normalized to body mass) in the upright group (r = −0.80). However, in contrast to our third hypothesis, and despite our findings of a reduced τV O 2 and increased critical power after priming exercise in the supine position, we observed no relationship between the τV O 2 and critical power during supine exercise (r = 0.067). This may have been attributable to a kinetic distortion in the relationship between muscle and pulmonaryV O 2 induced by lower resting muscle perfusion in the supine position (Benson et al. 2013) ; consequently, the relationship between τV O 2 and critical power was obscured. Alternatively, it is possible that the determinants of critical power were modified in response to a change in body position.
Given that the τV O 2 determines the magnitude of the O 2 deficit at any given work rate, Murgatroyd et al. (2011) interpreted the strong τV O 2 -critical power relationship to suggest that τV O 2 determines the upper work rate limit for which O 2 deficit accumulation can be stabilized and a steady state attained, otherwise known as critical power. The reduction in τV O 2 and increased critical power after priming exercise in the supine position in the present study are the first direct evidence in support of this hypothesis. However, the lack of a relationship between τV O 2 and critical power in the supine position runs counter to this. Indeed, two recent studies by Broxterman et al. (2014 Broxterman et al. ( , 2015 demonstrated that critical power is dependent on blood flow and thus O 2 delivery to the exercising musculature, consistent with the finding of increased critical power and enhanced muscle O 2 availability with priming exercise in the supine position in the present study. Notwithstanding that O 2 delivery is an important determinant of τV O 2 , the relative contribution of τV O 2 and O 2 delivery in determining critical power may therefore be dependent on the exercising body position or, perhaps more accurately, the presence or absence of an O 2 delivery limitation. Type II muscle fibres are heavily recruited on transition from rest to high-intensity exercise (Krustrup et al. 2004 (Krustrup et al. , 2009 ). These muscle fibres operate at a lower microvascular O 2 pressure (P O 2 mv ) during contractions (McDonough et al. 2005) , which is likely to be exacerbated in the supine position as a result of loss of the hydrostatic gradient, with the subsequent impaired blood-to-myocyte flux and lowered intramyocyte P O 2 a likely cause of the slowerV O 2 kinetics. Importantly, these fibre types appear to be particularly sensitive to interventions aimed at increasing oxygen availability, and thus P O 2 mv , such as dietary nitrate supplementation (Ferguson et al. 2015) and exercise training (Hirai et al. 2015 (Allen et al. 2008; Grassi et al. 2011) . Hence, in the supine position, priming exercise might increase critical power by virtue of an increase in the highest metabolic rate for which a steady state of intramyocyte P O 2 can be achieved. Consistent with this interpretation is the enhancement of critical power in hyperoxia (Vanhatalo et al. 2010 ) and the inverse relationship between the proportion of type II muscle fibres and critical power (Vanhatalo et al. 2016) . The lack of a correlation between τV O 2 and critical power in the supine group in the present study, yet both being improved after priming exercise, may therefore be explained by these parameters sharing physiological determinants (probably related to increased O 2 availability) that were upregulated after priming exercise. Hence, in situations where O 2 delivery is normally compromised, therefore (such as during exercise in the supine position), O 2 delivery may be the major limiting factor in determining critical power. Improvements to O 2 delivery, such as those after priming exercise, may thus enhance critical power and reduce τV O 2 without any dependence of critical power on τV O 2 per se. However, in situations where O 2 delivery to the exercising musculature is adequate to meet the demand for ATP resynthesis (such as during upright cycle exercise in healthy adult humans) τV O 2 may determine critical power over and above that of O 2 delivery. In such instances, τV O 2 dictates the magnitude of reliance on substrate-level phosphorylation and depletion of O 2 stores contributing to energy metabolism during the rest-to-exercise transition (Whipp et al. 1982) and, therefore, the highest power at which the O 2 deficit can be stabilized.
There is considerable spatial heterogeneity in muscle deoxygenation during exercise (Koga et al. 2007) , which is reduced after priming exercise (Saitoh et al. 2009; Prieur et al. 2010) . A more homogeneous distribution of blood flow, or rather a more appropriate matching of O 2 delivery to local metabolic rate (Q O 2 /V O 2 ratio), might also have contributed to the decreased τV O 2 after priming in the supine group in the present study. Furthermore, a priming-induced enhancement in theQ O 2 /V O 2 ratio might also have mitigated the requirement for the recruitment of additional higher-order motor units to sustain power production, thus increasing critical power. Hence, in addition to an improved P O 2 mv , an alternative mechanism by which priming exercise might have resulted in the independent improvement of τV O 2 and critical power in the supine position is via a reduced heterogeneity of muscle deoxygenation. Such a hypothesis remains to be tested; however, previous research has indicated no relationship between the change in muscle deoxygenation heterogeneity and the slow component of pulmonaryV O 2 kinetics with priming exercise (Saitoh et al. 2009; Fukuoka et al. 2015) .
Limitations
As the number of visits that participants were required to perform was already high, we were unable to repeat each experimental trial to enhance the signal-to-noise ratio of theV O 2 responses. Repeated transitions at each intensity would have increased the number of visits from nine to 17, placing undue requirements on the participants and increasing the risk of a training effect confounding the results. Despite this, the 95% CI associated with the τV O 2 was ß5 s; equal to the suggested minimally important difference to determine significant changes in τV O 2 during interventional studies (Benson et al. 2017) , and was smaller than the mean difference in τV O 2 at all four work rates in the supine group. These confidence intervals were aided by the high amplitude of the individual V O 2 responses, thus increasing the signal-to-noise ratio in each transition. Hence, despite the use of single transitions at each work rate, we are confident in our reported effects of priming exercise on τV O 2 after priming exercise in the supine and upright groups, respectively. Additionally, for reasons outlined above, we were unable to perform additional trials if the errors associated with the parameters of the power-duration relationship were large. Although this resulted in the mean CV across groups and conditions for W being ß15%, which is larger than is typically reported in the literature, the CV surrounding critical power was typically very low (ß3%); therefore, we are confident in the differential effects of priming exercise on critical power between body positions.
Conclusions
In conclusion, this study provides the first experimental evidence to show that τV O 2 is mechanistically related to critical power. Specifically, when priming exercise was conducted in the supine position, τV O 2 was significantly decreased and critical power increased, whereas during upright exercise, τV O 2 and critical power were both unaffected by priming exercise. During supine exercise, we also observed faster heart rate kinetics, slower [HHb+Mb] kinetics and increased [HbO 2 +MbO 2 ] after priming exercise, suggesting that the changes in τV O 2 and critical power arose through the enhanced muscle O 2 availability that attended priming exercise. However, the strong correlation observed herein between τV O 2 and critical power for upright exercise was not apparent in the supine position, suggesting that other physiological factors, such as O 2 delivery, might determine critical power during supine exercise, with the concomitant improvement in τV O 2 and critical power being an artefact of other shared physiological determinants.
